Ubiquitin-mediated proteolysis regulates the steady-state abundance of proteins and controls cellular homoeostasis by abrupt elimination of key effector proteins. A multienzyme system targets proteins for destruction through the covalent attachment of a multiubiquitin chain. The specificity and timing of protein ubiquitination is controlled by ubiquitin ligases, such as the Skp1-Cullin-F box protein complex. Cullins are major components of SCF complexes, and have been implicated in degradation of key regulatory molecules including Cyclin E, b-catenin and Cubitus interruptus. Here, we describe the genetic identification and molecular characterisation of the Drosophila Cullin-3 homologue. Perturbation of Cullin-3 function has pleiotropic effects during development, including defects in external sensory organ development, pattern formation and cell growth and survival. Loss or overexpression of Cullin-3 causes an increase or decrease, respectively, in external sensory organ formation, implicating Cullin-3 function in regulating the commitment of cells to the neural fate. We also find that Cullin-3 function modulates Hedgehog signalling by regulating the stability of full-length Cubitus interruptus (Ci155). Loss of Cullin-3 function in eye discs but not other imaginal discs promotes cell-autonomous accumulation of Ci155. Conversely, overexpression of Cullin-3 results in a cell-autonomous stabilisation of Ci155 in wing, haltere and leg, but not eye, imaginal discs suggesting tissue-specific regulation of Cullin-3 function. The diverse nature of Cullin-3 phenotypes highlights the importance of targeted proteolysis during Drosophila development. q
Introduction
Targeted degradation of short-lived proteins is a universal process that regulates diverse cellular functions (Deshaies, 1999; Peifer and Polakis, 2000; Tyers and Jorgensen, 2000) . A key example of the importance of targeted protein degradation comes from the observation that the rapid and timely destruction of Cyclin proteins regulates cell cycle progression (Bai et al., 1996; Deshaies, 1997; Koepp et al., 1999; Schwob et al., 1994) . Cyclins and other proteins are marked for destruction by the action of a ubiquitin ligase whose specific targeting activity mediates the covalent attachment of a ubiquitin polymer to select residues of the target protein (Hershko et al., 1983; Maniatis, 1999; Polakis, 2001; Querido et al., 2001; Rubinfeld et al., 2001) . Four types of ubiquitin ligases have been identified: the N-end rule/Ubr1 ligase, the HECT-domain family, the Cyclosome/Anaphase Promoting Complex and the Skp1-Cullin-F box/Elongin C-Cullin-SOCS box (SCF/ECS) complex (Deshaies, 1999; Hershko and Ciechanover, 1998) . Of these, the SCF/ECS complex was the first identified and is the best understood.
SCF and ECS complexes (Deshaies, 1999; Tyers and Willems, 1999) target distinct groups of proteins for degradation. Cullins are conserved proteins of w800 residues that comprise the scaffold of both SCF and ECS ubiquitin ligases. Cullins interact with Skp1 or Elongin C homologues through their N terminus and with Hrt1/Roc1/ Rbx1, a RING-finger-containing protein through their C-terminus (Jackson and Eldridge, 2002; Noureddine et al., 2002; Ohta et al., 1999; Zheng et al., 2002) . Skp1-like or Elongin C-like proteins interact with F-box or SOCS-box containing proteins, which target specific proteins for ubiquitination by their respective ubiquitin ligase complex. Recently, BTB domain-containing proteins have been shown to interact with Cullin-3 and subsume the role of the Skp1 and F-box proteins in substrate recognition, suggesting the existence of yet another ubiquitin ligase complex with a distinct repertoire of protein targets (Geyer et al., 2003; Pintard et al., 2003; Xu et al., 2003) . The modular nature of multisubunit ubiquitin ligases endows different complexes with distinct substrate specificity. Targeted protein ubiquitination plays a critical role in mediating the response of multiple developmental signalling pathways (Maniatis, 1999) . In Drosophila, SCF complexes have been implicated in ubiquitination of protein targets in three signalling pathways: IkBa in the NF-kB pathway (Spencer et al., 1999) , b-catenin/Armadillo in the Wnt pathway (Jiang and Struhl, 1998; Willert et al., 1999) and Ci, in the Hedgehog pathway (Ou et al., 2002) . Signal activation in the Hedgehog (Hh) pathway, for example, leads to the tissue-dependent expression of the Wingless (Wg) and Decapentaplegic (Dpp) morphogens (reviewed by (Ingham and McMahon, 2001 ).
Here we describe the identification and characterisation of the Drosophila Cullin-3 homologue (dCul-3). We observe that that dCul-3 plays a broad role to regulate the development of many different adult structures. For example, our loss of function and over-expression studies indicate that dCul-3 inhibits sensory organ development during adult development consistent with the idea that dCul-3 modulates Notch pathway activity. In addition, our genetic studies confirm and extend the relationship between dCul-3 function and the regulation of Ci155 levels and thus, Hedgehog signalling. Our results suggest that dCul-3 function impinges on the activity of many different signalling pathways and developmental events via the targeted destruction or modification of specific proteins.
Results

guftagu encodes the Drosophila homologue of Cullin-3, a component of a multisubunit ubiquitin ligase
We identified guftagu in a screen for dominant modifiers of an adult viable wing and notal phenotype caused by GAL4TUAS-mediated misexpression of constitutively activated Ga s (Ga s *) (Fig. 1A) . We screened a collection of overlapping autosomal deficiencies corresponding to w70% of the autosomal genome to identify genomic regions capable of dominant modification of the Ga s * phenotype. This screen uncovered 28 genomic regions likely to contain dominant modifiers of the Ga s * phenotype (Table 1) . Heterozygosity for each of these 28 regions suppresses the Ga s * phenotype although the extent of suppression varies between regions (Fig. 1B-D) . To identify the modifying loci, we screened smaller deletions and mutations in individual loci within each genomic region for the ability to modify the Ga s * phenotype. We identified 17 single loci in 13 genomic regions capable of dominant modification of the Ga s * phenotype (Table 1) . We were unable to identify single modifying loci in the remaining 15 genomic regions.
Two of the 28 deficiencies, Df(2L)osp29 (35B1; 35E6), and Df(3L)vin7 (69A1-69A5), suppress the Ga s * phenotype to near wild-type levels (Fig. 1D) . A systematic search of the complementation groups uncovered by Df(2L)osp29 identified l(2)35Cd at polytene position 35C4 in this region as a suppressor of the Ga s * phenotype (Ashburner et al., 1990) . We designated the gene guftagu (gft), an Urdu word that means 'private conversation', because we believe that the gene product has a private conversation with the activated Ga s signalling pathway in order to modify the Ga s * phenotype.
gft is identified by seven alleles (described in Experimental procedures and Ashburner et al., 1990) , all of which are zygotic lethal and dominantly suppress the Ga s * phenotype. The ability of all gft alleles to modify the Ga s phenotype indicates that the suppression of ectopic Ga s signalling is a common property of gft mutations and likely results from a loss of gft function. All gft alleles are zygotic lethal, however, homozygous mutant embryos hatch into first instar larvae. To investigate the strength of each allele we determined the lethal phase of all alleles except gft P34 , which contains a closely linked mutation in Gli (35D3) and gft GR18 , which resides in a translocation background. We find that homozygous gft HG39 , gft
HG43
, gft PZ06340 or gft d577 embryos or embryos transheterozygous for each allele over deficiency TE35D-GW15, hatch but die during the second larval instar. Larvae homozygous for gft B14 survive the second larval instar and die as third instar larvae prior to wandering. These data identify the earliest lethal phase of dCul-3 as the second larval instar.
Precise excision of the P-element insertion in gft
PZ06430
reverted its ability to modify the Ga s * phenotype, indicating that the P-element insertion suppresses the Ga s * phenotype and reduces gft function. We then used the P-element insertion in gft PZ06430 to clone gft (see Materials and Methods). We used genomic DNA flanking this P-element to identify eight overlapping cDNAs from this region. Sequencing and conceptual translation of the longest cDNA, LD03316, predicts a 773 amino-acid protein that displays at least 25% sequence identity over its entire length and w50% identity over the C-terminal 60 amino acids to all Cullin family members. Within the Cullin family, gft is most similar to the Cullin-3 class of proteins. Gft shares 69% amino acid identity over its entire length and 80% amino acid identity over the C-terminal domain with human Cul-3 (Fig. 1F) . Thus, gft appears to identify the Drosophila homologue of Cullin-3 (dCul-3).
To verify that gft corresponds to dCul-3, we searched for molecular lesions in all gft alleles (Fig. 1E) . gft B14 contains a C to T transversion at nucleotide position 2129, which converts an evolutionarily conserved alanine at position 710 to a valine. l(2)gft P34 contains an in-frame deletion at nucleotide positions 615-920 that removes 101 amino acids between residues 206 and 307. l(2)gft GR18 was induced by g-ray mutagenesis in a T(Y;2); Dp(1;2) background (Y,21-35B1; 35B2-60,Y) . This lesion results in the loss of a single nucleotide at position 475, causing a frameshift at amino acid 158 and a premature stop at amino acid 167. l(2)gft PZ06430 contains a 16kb PZ element (P{ry C , lacZ}) in the first intron of gft, 228 nucleotides from exon 2. gft HG39 contains a 5 nucleotide deletion at nucleotide positions 2310-2314 that results in a frameshift at amino acid 747 and a premature stop codon at amino acid 748 that removes the C-terminal 26 amino acids of the protein which comprise 50% of the Cullin motif. Previous work in other systems questioned the in vivo relevance of the Cullin motif at the C-terminus (Feldman et al., 1997) . The lethality of a dCul-3 allele that lacks 50% of this domain provides strong evidence that the conserved C-terminus is essential for function. Our identification of molecular lesions in dCul-3 in five gft alleles provides compelling evidence that gft corresponds to dCul-3. For simplicity, from now on we refer to gft as dCul-3.
dCul-3 is expressed ubiquitously and localizes to the cytoplasm
We used RNA in situ hybridization to examine the spatiotemporal expression pattern of dCul-3 transcripts in Drosophila embryos and imaginal discs. We find that dCul-3 mRNA is expressed ubiquitously throughout all stages of embryonic development and in imaginal discs. Notably, we observe high levels of dCul-3 mRNA in 0-1 h old embryos indicating significant maternal deposit of dCul-3 mRNA into oocytes (data not shown). Consistent with our RNA in situ hybridization results, we detect dCul-3 protein in the cytoplasm of all cells in embryos and imaginal discs (data not shown). is a P-element insertion in the first intron of the gene. (F) Drosophila Cullin-3 amino acid sequence. Molecular lesions in the corresponding gft alleles are shown in red above the wild-type amino-acid sequence (see text for details). Asterisks identify nonsense codons. The location of the cryptic splice junctions contained in the sequenced cDNAs is shown in bold lines, followed by the amino-acid sequence of the cryptic exon in bold type. (G) Sequence alignment of highly conserved C-terminal domain of the Drosophila and human Cul-3 and Cul-4 proteins. Boxes identify residues conserved between all four proteins. Bold red type indicates amino acids conserved between Drosophila and human Cul-3 and bold blue type indicates amino acid identity between Drosophila and human Cul-4. dCul-3 shares 37% amino acid identity over its entire length and 53% amino acid identity over the C-terminal domain with human Cul-4a, the next most closely related Cullin (Fig. 1F ).
Sequence analysis of the two longest cDNAs identified a short 80 nucleotide cryptic exon flanked by non-consensus splice sites (Fig. 1E) . Retention of the putative exon and inframe stop codons would truncate dCul-3 prior to the conserved C-terminal domain whereas utilisation of the non-consensus splice sites would produce full-length dCul-3. Although RT-PCR experiments suggested the possibility of multiple dCul-3 protein isoforms (data not shown), Western analyses on total protein from wild-type (Oregon-R) embryos using antibodies specific to N-and C-terminus of dCul-3 identified a single 80.9 kDa band that appears to correspond to the full-length form of dCul-3 (data not shown). These results indicate that dCul-3 exists primarily, if not exclusively, as a single protein isoform in Drosophila.
Perturbation of dCul-3activity causes pleiotropic phenotypes
The large maternal contribution of dCul-3 mRNA, together with the larval lethality of dCul-3 alleles suggested that maternal dCul-3 products are sufficient for embryonic development. We examined the requirement of dCul-3 function during embryonic development by creating germ line clones that lack maternal and zygotic dCul-3 contribution using the l(2)gft PZ6340 and l(2)gft HG39 alleles. For both alleles, we recovered few eggs. These eggs were approximately half the size of wild-type and contained fused dorsal appendages, a phenotype similar to that of loss of EGF-receptor activity (Wasserman and Freeman, 1998 ). We could not detect any discernible embryonic structure interior to the chorion. These data indicate that dCul-3 is required in the maternal germ line during oogenesis for patterning and development of the egg.
Since mutations in dCul-3 have no obvious zygotic phenotype and embryos lacking maternal dCul-3 contribution fail to develop, we used mitotic clonal analysis to study the developmental role of dCul-3. In these studies we used l(2)gft PZ06430 and l(2)gft HG39 because these belong to the strongest class of dCul-3 alleles. Clones of these alleles exhibit identical phenotypes that can be grouped into three classes. The first phenotypic class is identified by patterning defects in the wing and notum, including alterations in their shape and size, as well as defects in the formation and position of specific cellular structures such as veins. The second class is identified by ectopic formation of sensory organs as well as defects in sensory organ cell lineage. The third class is identified by defects in cell growth and survival.
Loss and overexpression of dCul-3 function have reciprocal effects on wing and sensory organ development
Large dCul-3 clones exhibit a number of specific defects in adult wings, including perturbation of the overall shape of the wing (Fig. 2C ) and in wing vein position and formation. For example, clones that cover the L3 vein often cause a posterior shift in its position. As L3 runs immediately anterior to the AP boundary, alterations to its position likely reflect modifications to the location of the AP boundary. In addition, clones that cover L3 and other veins are associated with loss of vein tissue (Fig. 2B) . Thus, dCul-3 is required to promote wing growth and patterning as well as wing vein formation suggesting dCul-3 regulates one or more of the signalling pathways that control these events.
dCul-3 clones in the wing and notum also contain ectopic sensory organ formation. In wild-type wings three campaniform sensillae arise evenly spaced along L3 (arrows, Fig. 2A ). However, dCul-3 clones that encompass a significant portion of L3 invariably contain more than three and can contain as many as eight campaniform sensillae (Fig. 2C,D) . Ectopic campaniform sensillae also arise between L2 and the anterior wing margin and ectopic bristles arise distally between L2 and L3 (data not shown). dCul-3 notal clones are associated with significant tufting of both micro-and macrochaetae (Fig. 2H ). These tufts are made up of ectopic fully formed external sensory organs as well as individual sensory organs that contain multiple shafts within a single socket (Fig. 2H) . The presence of ectopic fully-formed sensory organs suggests dCul-3 helps regulate the initial decision of cells to acquire the neural fate while the presence of multiple shafts within a single socket indicates dCul-3 controls cell-fate decisions in the sensory organ lineage. Reduction in Notch pathway function also promotes ectopic sensory organ formation and shaft duplications (Hartenstein and Posakony, 1990) , hinting at a possible link between dCul-3 and Notch signalling activity. We next investigated whether dCul-3 overexpression produces reciprocal wing and notal phenotypes relative to loss of dCul-3 function. Overexpression of full-length dCul-3 (dCul-3FL) along the AP boundary results in decreased intervein territory between L3 and L4, partial or complete loss of the L3 campaniform sensillae and ectopic vein formation (Fig. 2E,F) . Similarly, overexpression of dCul-3FL in all proneural clusters using scabrous-GAL4 (sca-GAL4) causes a severe loss of macrochaetae throughout the notum (Fig. 2I) as well as campaniform sensillae and anterior margin bristles in the wing (data not shown). Thus, with respect to vein formation and sensory organ development overexpression of dCul-3FL results in reciprocal phenotypes to those observed in dCul-3 mutant clones.
Studies in other systems have provided contradictory results on the importance of the Cullin C-terminal domain (Feldman et al., 1997; Patton et al., 1998) . Our identification of a mutation in the dCul-3 C-terminal domain that severely disrupts dCul-3 function supports the importance of this highly conserved domain. To address this issue further, we drove a truncated form of dCul-3 that specifically lacks the C-terminal domain under the control of sca-or dpp-GAL4. Overexpression of this protein has no effect on wing development. These data underline the importance of the C-terminal domain for dCul-3 function.
Perturbation of dCul-3 in proneural clusters affects sensory organ formation. Our genetic studies indicate that dCul-3 function opposes sensory organ development. To investigate when dCul-3 exerts its effect on sensory organ development, we followed the expression of neuralizedLacZ (neurLacZ) in mitotic clones of dCul-3 in wing imaginal discs. neurLacZ is expressed in all sensory organ precursors (SOPs) of developing third instar imaginal discs (Fig. 3A) . dCul-3 mitotic clones that overlap areas of SOP formation show a dramatic increase in SOP numbers (arrowhead, Fig. 3B ), while clones that do not overlap areas of SOP formation appear wild-type. Therefore, dCul-3 inhibits SOP development and dCul-3 might normally act either to stabilise proteins that promote sensory organ development, such as Achaete or Scute, or to inhibit proteins that oppose sensory organ development such as members of the Notch pathway.
To investigate if dCul-3 overexpression inhibits SOP formation, we followed Achaete (Ac) and Cut expression in wing imaginal discs in which we over-expressed dCul-3FL using dpp-GAL4 and sca-GAL4. Ac is expressed in proneural clusters and promotes SOP formation (Fig. 3C) while SOPs activate Cut shortly after they form. Overexpression of dCul-3FL leads to the absence or severe reduction of Ac expression in proneural clusters. For example, dCul-3FL overexpression along the AP compartment boundary causes a severe reduction in both Ac and Cut expression in the L3 cluster and a reduction of Ac expression in part of the dorsal component of the anterior wing margin (Fig. 3D,F) . Overexpression of dCul-3FL in all proneural clusters using sca-Gal4 reduces Ac expression in the anterior wing margin and L3 cluster and also reduces or eliminates Ac expression in most proneural clusters in the notum which in turn results in the loss of SOPs (data not shown) and macrochaetae (Fig. 2I ). These data indicate that dCul-3 affects sensory organ formation by inhibiting Ac expression and thus limiting the ability of cells to acquire the sensory organ precursor fate.
Loss of dCul-3 function causes defects in regulation of Ci proteolysis
Many of the dCul-3 wing and notal phenotypes are similar to those that arise due to defects in different developmental signalling pathways. Consistent with dCul-3 regulating Hh-pathway activity, we find that dCul-3 clones in third instar eye imaginal discs exhibit a cell-autonomous accumulation of Ci155 posterior to the morphogenetic furrow (Fig. 4D,E) , but have no effect on Ci155 accumulation anterior to the morphogenetic furrow (data not shown). Ou et al. (2002) have reported similar observations in dCul-3 eye clones. Because of the importance of targeted proteolysis in the Hh pathway and the roles the Hh pathway plays in setting up the AP boundary of the wing as well as the location of the L3 and L4 veins (Crozatier et al., 2002) , we investigated if dCul-3 modulates Hh activity in wing imaginal discs. Active Hh signalling prevents proteolysis of Fig. 4 . dCul-3 has opposite effects on Ci155 expression in wing and eye imaginal discs. Clones are marked by absence of GFP (green) and outlined in white. Ci155 expression is in red. (A) Wild-type expression pattern of Ci155 in the wing pouch. High levels of Ci155 accumulate at the AP boundary (arrow) and moderate levels exist throughout the remainder of the anterior compartment. (B, C) dCul-3 clones (outlined in white) in the wing stained for GFP (B) and Ci155 (C). Clones in the anterior compartment in locations of moderate ('1') or high ('2') Ci155 levels have no effect on Ci155 expression. The clone in the posterior compartment ('3') adjacent to the AP boundary causes a non-autonomous reduction of Ci155 in anterior compartment cells immediately adjacent to the clone (arrow). (D-F) dCul-3 clones (outlined in white, D, E) posterior to the morphogenetic furrow in the eye (arrow), exhibit a cell autonomous increase in Ci155 expression (E, F). Wing discs are oriented anterior up and ventral left, eye discs are oriented anterior right. the full-length form of Ci (Ci155), the transcriptional effector of the Hh pathway (Methot and Basler, 2001 ). Therefore, we used an antibody specific to Ci155 (AzaBlanc et al., 1997) to assay whether dCul-3 function affects Hh signalling by regulating the stability of Ci155 in larval third instar wing imaginal discs.
Normally, Ci155 is expressed throughout the anterior compartment of the wing disc but accumulates to higher levels in a stripe at the AP boundary in response to high levels of Hh (Fig. 4A) . dCul-3 clones that arise anywhere in the anterior compartment exhibit no clear effect on Ci155 accumulation (Fig. 4B,C) . Similarly, clones that arise in the posterior compartment and at a distance from the AP boundary have no effect on Ci155 (data not shown). However, dCul-3 clones that reside in the posterior compartment and abut the AP boundary appear to cause a moderate non-autonomous reduction of Ci155 accumulation in cells of the anterior compartment immediately adjacent to the clone (arrow, Fig. 4B,C) . As high level Ci155 accumulation in these cells normally requires transmission of the Hh signal from posterior compartment cells, these data suggest that dCul-3 activity might modulate transmission of the Hh signal. Thus, in both wing and eye imaginal discs dCul-3 function regulates Ci155 accumulation: in the wing loss of dCul-3 results in a nonautonomous decrease of Ci155 accumulation, while in the eye loss of dCul-3 results in a cell autonomous accumulation of Ci155.
Overexpression of dCul-3 in wing imaginal discs promotes Ci155 accumulation
Given the effect loss of dCul-3 function has on Ci155 accumulation, we asked if dCul-3 overexpression modulates Ci155 accumulation. We used sca-GAL4 to overexpress dCul-3FL in all proneural clusters of the wing imaginal disc and along the entire dorsal-ventral (DV) boundary of the wing margin (Fig. 5C ) and observed a cell-autonomous accumulation of Ci155 in all Sca-expressing cells in the anterior compartment (Fig. 5D) . We observed no effect on Ci155 accumulation in the posterior compartment even though dCul-3FL is overexpressed in the posterior domain of the wing blade (Fig. 5C,D) . Similarly, dCul-3 overexpression in the leg and haltere, but not eye, results in a cell-autonomous accumulation of Ci155 in the anterior but not posterior compartment (data not shown). Overexpression of dCul-3 in the wing, leg and haltere imaginal discs using other GAL4 driver lines, results in an identical cellautonomous accumulation of Ci155 in the anterior compartment. Thus, overexpression of dCul-3FL acts cell-autonomously and specifically in the anterior compartment to promote high-level accumulation of Ci155. These results suggest that dCul-3 directly opposes the action of a protein required to promote Ci cleavage, or that it exhibits dominant negative activity by titrating other SCF components required for Ci proteolysis, such as dCul-1.
Costal-2 (Cos-2), Fused (Fu) and Suppressor of Fused (Su(Fu)) form a complex with Ci155 and regulate its cleavage (Lum and Beachy, 2004) . We used antibodies against Cos-2, Fu and Su(Fu) (Lum et al., 2003) to investigate if these proteins are also overexpressed in scaGal4TUASdCul-3FL wing imaginal discs. In contrast to Ci155, expression of all three proteins appears normal in scaGal4TUASdCul-3FL wing imaginal discs (data not shown) suggesting that overexpression of dCul-3FL specifically targets Ci.
To examine whether persistent dCul-3 overexpression in the posterior compartment might lead to heightened Ci155 accumulation, we used en-Gal4 to overexpress dCul-3FL in this domain. Overexpression of dCul-3FL in the posterior compartment causes a drastic reduction in the size of this compartment and a concomitant increase in the size of the anterior compartment (Fig. 5H,I ). The drastic size reduction of the posterior compartment along with defects in DV boundary formation (Fig. 5F ) in the posterior compartment indicate that overexpression of dCul-3FL leads to defects in cell-survival and cell-fate specification in this domain.
Discussion
In this work, we describe the genetic, molecular and phenotypic characterisation of dCul-3. We initially identified dCul-3 as a dominant suppressor of Ga s signal transduction, indicating the ability of dCul-3 to modulate the activity of at least one signalling pathway. Our subsequent studies determined that dCul-3 plays a broad role to regulate the development of many different structures during adult development consistent with the idea that dCul-3 activity modulates the strength of multiple signalling pathways during Drosophila development.
SCF-mediated regulation of Ci155 stability
Phosphorylation of Ci triggers its subsequent proteolysis (Price and Kalderon, 1999; Price and Kalderon, 2002) . One mechanism that might couple phosphorylation with proteolysis is the ubiquitin-mediated degradation pathway regulated by ubiquitin ligases such as the SCF complex. Jiang and Struhl (1998) have shown that the F-boxcontaining factor Slimb is required for the generation of Ci75, the repressor form of Ci. Using the developing eye disc as a model, Ou et al. (2002) have shown that Ci155 stability is controlled differentially by dCul-1 and dCul-3. Slimb and dCul-1 function anterior to the morphogenetic furrow to target Ci155 for proteolysis, while dCul-3 functions posterior to the furrow to mediate the same event.
Our work supports the link between Cullin/SCF function and Ci155 stability during imaginal disc development.
We find that loss of dCul-3 function in posterior compartment cells of the wing disc immediately adjacent to the AP boundary results in a non-autonomous reduction in Ci155 accumulation in anterior compartment cells that abut dCul-3 mutant cells. Furthermore, we find that overexpression of dCul-3 in the anterior but not posterior compartment of wing, haltere and leg imaginal discs leads to a cellautonomous increase in Ci155 stability. Thus, dCul-1 and dCul-3 are required in distinct developmental contexts to regulate Ci155 stability and Hh signal transduction.
Together with the results of Ou et al. (2002) , our data support the model that dCul-3 functions autonomously to Wild-type wing disc double labelled for Ci155 (red) and Cut which marks the DV boundary (green). (C) sca-GAL4TUAS GFP wing disc showing Sca expression (green, GFP) in all proneural clusters and along the entire DV boundary (arrowhead). (D) In sca-GAL4::UAS dCul-3FL wing disc Ci155 exhibits its normal high-level expression along the AP boundary and also accumulates to high levels in all proneural clusters and along the DV boundary in the anterior (arrow) but not the posterior compartment (arrowhead). (E) en-GAL4TUAS GFP wing disc showing En expression (green, GFP) in the posterior compartment. (F) In an en-GAL4::UAS dCul-3FL wing the posterior compartment is severely reduced in size and Cut expression is absent from the posterior compartment and the posterior region of the anterior compartment.
regulate Ci155 stability in a region-specific manner. In the eye, dCul-3 likely acts in a complex to promote the cleavage of Ci155 into the Ci75 repressor form. dCul-3 could mediate this activity directly, by associating with a specific F-box protein that tethers Ci155 to an SCF complex containing dCul-3. Alternatively, dCul-3 could mediate this effect indirectly, by targeted degradation or modification of a protein involved in the regulation of Ci155 stability. In the wing, dCul-3 overexpression could lead to an autonomous accumulation of Ci155 either by titrating other SCF complex components that promote the limited proteolysis of Ci155 to Ci75 or by targeting a protein for degradation that is normally required to promote limited proteolysis of Ci155. At present our data do not distinguish clearly between these models, although the reciprocal phenotypes we observe in dCul-3 mutant clones relative to tissues that overexpress dCul-3 suggest dCul-3 does not act solely in a dominant negative manner.
The non-autonomous effect of dCul-3 loss on Ci155 stability suggests that dCul-3 can modulate Ci155 accumulation through multiple mechanisms. In this context, the simplest model is that dCul-3 function is required for the proper expression or transmission of the Hh signal. The apparent ability of dCul-3 to regulate Ci155 stability through at least two different mechanisms and the diversity of dCul-3 phenotypes, suggest that the composition of dCul-3-containing SCF complexes varies in a region-and stagespecific manner. Given this, a clear understanding of the molecular basis through which dCul-3 regulates Ci155 stability as well as the activity/levels of other proteins will require the identification of the direct targets of dCul-3/SCF complexes through biochemical and molecular genetic means.
dCul-3 modulates multiple signalling pathways during Drosophila development
In addition to its effects on the Hh and Ga s pathways, loss of dCul3 function results in embryonic and adult phenotypes reminiscent of defects in EGF and Notch signalling. For example, loss of maternal dCul-3 function produces small embryos with fused dorsal appendages, a phenotype similar to that generated by reduction or loss of function in members of the EGF receptor pathway (Wasserman and Freeman, 1998) . Loss of dCul-3 function also causes ectopic sensory organ formation and shaft duplication similar to phenotypes that arise as a result of compromised Notch activity (de Celis et al., 1991; Parks et al., 1997) . Likewise, the venation phenotypes dCul3 clones are similar to those that arise due to perturbations in either the Notch or EGF-receptor signalling pathways (Crozatier et al., 2002; de Celis and Garcia-Bellido, 1994; Klein and Arias, 1998) . These results raise the possibility that dCul-3 function also modulates the activity of the Notch and/or EGF-receptor signalling pathways.
The C-terminal domain is essential for the function of dCul-3
Structure function analyses of Cullins identify three distinct domains: an N-terminal domain that binds Skp-or Elongin C-like proteins, a C-terminal domain that binds Hrt1/Roc1/Rbx1 and a w60 amino acid domain at the extreme C-terminus of unknown function Ohta et al., 1999; Patton et al., 1998; Seol et al., 1999; Zheng et al., 2002) . The latter domain exhibits the highest degree of sequence identity (w50%) between different Cullins and contains the invariant tyrosine-rich motif, Y-X 2 -R-X 6-7 -Y/F-X-Y-X-A/S known as the Cullin motif (Kipreos et al., 1996) . However, the functional significance of this domain remains unclear. Although dispensable for Cullin function in yeast (Feldman et al., 1997; Patton et al., 1998) , the C-terminal domain is modified post-translationally by the covalent attachment of Nedd8, a small, ubiquitin-like protein (Gong and Yeh, 1999; Osaka et al., 2000) . An intact neddylation pathway is required for Cullin-dependent ubiquitination of HIFa, p27 and IkBa in mammalian cells (Kawakami et al., 2001; Ohh et al., 2002; Read et al., 2000) and mutations in Cul-1 and nedd8 both lead to heightened accumulation of Ci155 in Drosophila eye discs (Ou et al., 2002) . Therefore, post-translational modification of the extreme C-terminus of Cullins by Nedd8 might be required for SCF-mediated ubiquitination of target proteins.
Our genetic studies of dCul-3 provide evidence for the in vivo importance of the C-terminal domain. The gft HG39 lesion encodes a protein with a truncated C terminal domain that is phenotypically one of the most severe dCul-3 alleles, demonstrating the in vivo relevance of the extreme C-terminal domain. Consistent with this, we find that overexpression of a full-length form of dCul-3 is sufficient to induce phenotypes reciprocal to those observed in dCul-3 mutant clones whereas overexpression of a truncated form of dCul-3 that lacks the C-terminal domain yields no overt phenotypes. These data suggest that the dCul-3 C-terminal domain is necessary for dCul-3 activity during Drosophila development. To our knowledge, this is the first clear demonstration of the in vivo importance of the C-terminal domain. Future experiments are required to elucidate the precise molecular mechanisms through which the C-terminal domain enables Cullin protein function.
Cullins provide specificity to multisubunit ubiquitin ligases
Our results and those of others demonstrate that the mechanisms by which multisubunit ubiquitin ligases target specific proteins for degradation are complex. For example, dCul-1 and dCul-3 both promote Ci155 proteolysis-but they do so in distinct spatial domains (Ou et al., 2002) . In addition, complexes containing dCul-1 and dCul-3 can discriminate between distinct forms of the same protein; SCF complexes containing Cul-1 target the phosphorylated form of Cdk2-bound Cyclin E (Koepp et al., 2001; Skowyra et al., 1999) while SCF complexes containing Cul-3 target free unphosphorylated Cyclin E for degradation (Singer et al., 1999) . The specificity of Cul-1 and Cul-3 to target the same protein in different domains and in different conditions, hints at the precision and complexity of targeted protein degradation. Recent work in C. elegans adds another layer of complexity to this equation, as BTB domaincontaining proteins, such as MEL-26, appear to identify new adaptor molecules that link Cul-3 with specific target proteins, such as MEI-1, for ubiquitination (Pintard et al., 2003; Xu et al., 2003) . These data together with the large number of SCF-like components in higher eukaryotes, underline the enormous combinatorial potential for the formation of distinct multisubunit ubiquitin ligases and their ability to target distinct, but potentially overlapping, sets of proteins for degradation.
Experimental procedures
Genetics
To identify genomic regions that contained dominant modifiers of activated Ga s -signalling, we used the deficiency lines kept in the 'Deficiency Kit' from the Bloomington and Umea Stock Centers. We used the Gal4 driver line OK10 (Wolfgang et al., 1996) to misexpress the constitutively active short form of Drosophila Ga s Ga s * (Quan and Forte, 1990 ) inserted in pUAST. We used the following gft/dCul-3 alleles in the study: the P insertion gft PZ06430 /CyO, the PM hybrid dysgenesis-induced mutation gft d577 /CyO, the X-ray induced mutation zw 11E4 / T(Y;2)TE35B-GR18, Dp(1;2) gft GR18 , l(2)pwn cn/In(2LR)-Gla/CyO, and the EMS-induced mutants gft HG43 /CyO, gft HG39 /CyO, gft B14 /CyO, gft P34 , Gli 3 /CyO.
Cloning of Drosophila Cullin-3 and plasmid construction
The Berkeley Drosophila Genome Project generated STS Dm0010 from the P element insert in l(2)gft PZ06430 . We used this STS to isolate an 11.5 kb XbaI-XhoI genomic fragment from P1 DS07851 via hybridization. This 11.5 kb fragment was used to screen a 4-8 h embryonic cDNA library (Brown and Kafatos, 1988) and three overlapping cDNAs were identified. Sequence data from these clones identified five additional cDNAs from EST databases. Sequencing of the longest clone LD03316, indicated that the cDNAs encode for the Drosophila Cullin-3 homologue. Amino acid sequence of LD03316 and all known Cullins were aligned using ClustalW, and a phylogenetic tree was constructed using Neighbour-Joining Methods. This analysis revealed that Drosophila Cullin-3 is most closely related to mammalian Cullin-3. To determine the molecular lesions in dCul-3 in each gft allele, standard PCR based methods were used to sequence dCul-3 in its entirety from each mutant background. gft HG43 fails to complement all known gft alleles, but we were unable to identify any molecular lesions in the dCul-3 ORF in gft
HG43
. To generate dCul-3 transgenes, we cloned LD03316 into pUAST (Brand and Perrimon, 1993) to create UAS dCul3-Full Length (dCul-3FL) and a genomic fragment corresponding to amino acids 1-723 to create UASdCul-3DC, which lacks only the conserved C-terminal Cullin domain.
Antibody generation, immunohistochemistry and Western analysis
A DNA fragment corresponding to amino acids 1-723 of dCul-3 was cloned into pET29a (Novagen) for protein expression and purification. This antigen was used to generate dCul-3 specific antibodies in mice and guinea pigs (Pocono Rabbit Farm, PA, USA). To generate antibodies specific for the C-terminal domain of dCul-3, we generated synthetic peptides corresponding to amino acids 752-773, conjugated these peptides to KLH and used them as immunogens to mount immune responses in mice. We confirmed the specificity of each antibody through Western analysis and immunohistochemistry. Each antibody recognizes a single protein of 80.9 kD on Westerns and recognizes the overexpressed form of dCul-3 when misexpressed during embyrogenesis.
The following primary antibodies were used in this study: mouse and guinea pig polyclonal anti-dCul-3 N-terminal domain, and mouse polyclonal anti-dCul-3 C-terminal domain (this study), mouse monoclonals anti-Delta 9B, anti-Armadillo N2 7A1, anti-Cut 2B10, anti-Achaete anti-Costal-2 17E11, anti-Fused 22F10 and anti-Suppressor of Fused 25H3 (Developmental Studies Hybridoma Bank) and rat monoclonal anti-Ci 2A1 (Aza-Blanc et al., 1997) . We used Alexa 488, 568 and 633 (Molecular Probes) secondary antibodies.
Western blot analyses were carried out using standard procedures. Briefly, carefully staged embryo collections (0-4, 4-8, 8-13, 13-17 h AEL) were homogenised in RIPA buffer (40 mM Hepes (pH7.4), 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% deoxycholate, protease inhibitor cocktail (Roche)). Total protein concentration of the extract was measured (MicroBCA Protein Assay, Pierce) and protein concentration of each sample was equalised prior to loading. We used mouse and guinea-pig anti-dCul-3 (1:500) or mouse anti-dCul-3 C-terminal domain (1:500), and appropriate HRP-conjugated secondary antibodies (1:10,000 from Jackson Laboratories), and detected specific protein bands using chemiluminescence (ECL, Amersham).
Generation of mitotic clones
We generated clones of gft alleles in a Minute background by 150 kV irradiation from a 60 Co source in f 36a /Y; M 2Z , f C /gft males, 48-72 h after egg laying (AEL). Clones of gft alleles in a Minute C background were generated by Flp-mediated mitotic recombination in hsFlp, f 36a /Y; f C , ck FRT40A/gft FRT40A males, by heat-shocking larvae 48-72 h AEL for 90 min at 37 8C. Cy C adults were selected and stored in 70% ethanol. Dissected wings were mounted in a 1:1 mixture of lactic acid and ethanol. Mitotic clones were also generated in hsflp/C; GFP FRT40A/gft FRT40A females, and in hsflp/C; GFP FRT40A/gft FRT40A; neurLacZ A101 /C females by heat-shocking larvae 48-72 h AEL for 90 min at 37 8C. Larvae and pupae were dissected in PBS, discs were fixed for 30 min in ice-cold 8% formaldehyde (Sigma) in PEM buffer (100 mM PIPES pH 7.0, 2 mM EGTA, 1 mM MgSO 4 ), washed in PBSC0.1% Triton X-100C1% BSA, and stained with appropriate antibodies.
